The use of cephalosporin antibiotics in veterinary practice is likely to play an important role in the development of ß-lactam resistant bacteria. To detect off-label cephalosporin antibiotic usage an analytical method is needed that, besides the native compound, also detects active metabolites thereof. In this paper the applicability of three approaches for the quantitative analysis of ceftiofur using liquid chromatography coupled to tandem mass spectrometry is assesed, viz. (A) the analysis of ceftiofur, desfuroylceftiofur and/or desfuroylceftiofur cystein disulfide, (B) the derivatization of ceftiofur metabolites to desfuroylceftiofur acetamide and (C) the chemical hydrolysis using ammonia in order to produce a marker compound for ceftiofur. We found that approach A is not suited for quantitative analysis of total ceftiofur concentration nor for effectively detecting off-label use of ceftiofur. Approach B resulted in adequate quantitative results, but is considered to be a single compound method because it depends on the cleavage of a thioester group which is present in only a limited number of cephalosporin antibiotics. Approach C showed adequate quantitative results as well. In contrast to approach B, this approach is applicable to a range of cephalosporin antibiotics and therefore applicable as a broad quantitative screening of cephalosporin compounds in poultry tissue samples to indicate off-label use of cephalosporins in poultry breeding. Based on the research presented here, it is concluded that the multi-method following approach C is the most suited to detect off-label use of a range of cephalosporin antibiotics in the fight against emerging bacterial resistance. Ceftiofur is known to metabolize rapidly after intramuscular administration. Reported 58 metabolites include desfuroylceftiofur (DFC), desfuroylceftiofur cysteine disulfide 59 (DCCD), protein bound DFC and desfuroylceftiofur thiolacton (Jaglan 1989 , Jaglan 60 1992 , Gilbertson 1995 , Berendsen 2009 ). Although no maximum residue limit (MRL) 61 has been established for poultry muscle, it is important to realize that ceftiofur MRLs 62 for other species are defined as the sum of all residues retaining the ß-lactam 63 structure, expressed as DFC (EU/37/2010) . This implies that all active metabolites 64 should be included in the analysis of ceftiofur residues in food products. 65
Two main approaches for the analysis of ceftiofur residues in animal tissue 66 and plasma have been reported. The first approach focuses on the analysis of one or 67 more ceftiofur metabolites. LC-UV methods for the analysis of ceftiofur itself were 68 reported by Navarre et al. (1999) and Nagata et al. (2004) . An LC-UV method 69 including ceftiofur and DFC was reported by Tyczkowska et al. (1993) and including 70 ceftiofur, DCCD and DFC dimer by Moats et al. (1998) . A very straightforward LC-71 MS/MS method monitoring only DCCD in kidney was reported by Mastovska et al. 72 (2008) . 73
The second approach includes an extraction and deconjugation of all protein 74 bound DFC using dithioerythritol (DTE) followed by a derivatization of the resulting 75 F o r P e e r R e v i e w O n l y 4 free DFC using iodoacetamide to obtain desfuroylceftiofur acetamide (DCA) as a 76 marker residue (Figure 1e ). This approach was first introduced for the analysis of 77 plasma by Jaglan et al. (1990) in combination with UV detection and was optimized 78
by Beconi-Barker et al. (1995) and Jiang et al. (2008) for the analysis of muscle. This 79 second approach was validated by a multi-laboratory trial by Hornish et al. (2003) 80 demonstrating its applicability. However, these methods are very laborious including 81 several solid phase extraction (SPE) steps. Simplified methods applying the same 82 approach were reported by De Baere et al. (2004) for the analysis of plasma and 83 synovial fluid, by Drillich et al. (2006) and Witte et al. (2010) for the analysis of 84 several matrices among which serum and endometrial tissue. 85
Based on the results of our in vitro metabolism study (Berendsen 2009) , it is 86 expected that currently applied methods are likely to underestimate the residue levels 87 of ceftiofur and cephapirin found in kidney samples because they do not include all 88 active metabolites. Furthermore, it should be noted that cephalosporin multi-methods 89 that include unstable cephalosporins (like ceftiofur and cefapirin) and are able to 90 detect the active metabolites of these compounds, are still lacking. Therefore, a new 91 approach for the analysis of ceftiofur including its metabolites was suggested 92 (Berendsen 2009) . This third approach is based on an alkaline hydrolysis of ceftiofur 93 and its metabolites to produce 2-amino-α-(methoxyimino)-4-thiazoleacetamide 94 (AMTA), Figure 1e ) as a marker residue for the total amount of active ceftiofur 95 metabolites. This approach also proved to be applicable for other cephalosporins, 96 including cefcapene, cephapirin and cefquinome. 97
Based on incurred ceftiofur poultry muscle material a critical assesment of the 98 three approaches is presented in this paper: (A) the analysis of ceftiofur, DFC and 99 DCCD using the method reported by Mastovska et al. (2008) Milli-Q water was prepared using a Milli-Q system at a resistivity of at least 18.2 113 MΩ·cm (Millipore, Billerica, MA, USA). Bakerbond ® Octadecyl 40 µm was obtained 114 from J.T. Baker (Phillisburg, NJ, USA). The solid phase extraction (SPE) cartridges 115 used were Mega Bond-Elut C18 1 g / 6 mL, Bond Elut SCX 100 mg / 3 mL (Agilent 116
Technologies, Santa Clara, CA, USA) and Oasis HLB 60 mg / 3 mL (Waters, Milford, 117 MA, USA). 118
Borate buffer pH 9 was prepared by dissolving 10.0 g disodium tetraborate 119
and 29.2 g sodium chloride in 1 L of water. A 1 M ammonium acetate solution was 120 prepared by dissolving 7.71 g of ammonium acetate in 100 mL water. This was 121 diluted tenfold in water to obtain a 0.1 M ammonium acetate solution. A 17% 122 phosphoric acid solution was prepared by diluting 10 mL 85% phosphoric acid to 50 123 mL with water. A 2% acetic acid solution was prepared by diluting 10 mL 99% acetic 124 acid to 500 mL with water. A 5 M sodium hydoxide solution was prepared by 125 Three sample preparation methods (described below) were implemented and tested at 133 our laboratory for the analysis of ceftiofur and its metabolites in poultry muscle. All 134 final extracts were analyzed using the LC-MS/MS system described. Deconjugation of DFC conjugates resulting in free DFC was carried out by adding 5 152 mL of DTE solution followed by shaking using a rotary tumbler (15 min). The extract 153 was incubated in a water bath set at 50°C for 15 minutes and afterwards DFC was 154 stabilized by adding 5 mL IAA solution followed by shaking using a rotary tumbler 155 (15 min) resulting in DCA. The derivatization was completed by incubating the 156 extract for 30 min at room temperature. After the derivatization the pH of the extract 157 was adjusted to pH 3 by adding droplets of 17% phosphorous acid solution. After 158 centrifugation of the extract (4000 g, 30 min) the supernatant was isolated and the pH 159 was adjusted to pH 5 by adding droplets of a 5M sodium hydroxide solution. A 1g, 6 160 mL Mega Bond Elut C 18 SPE cartridge was conditioned using 5 mL of methanol 161 followed by 5 mL 0.1M ammonium acetate solution. The entire extract was applied 162 onto the SPE cartridge which was subsequently washed with 5 mL 0.1 M ammonium 163 acetate solution and 5 mL 2% acetic acid in water. DCA was eluted from the SPE 164 cartridge using 5 mL 2% acetic acid in water : acetonitrile (8:2, v/v). A 100 mg, 3 mL 165 SCX SPE cartrdige was conditioned with 3 mL of methanol followed by 3 mL 2% 166 acetic acid in water. The eluent of the C 18 cartridge was applied onto the SCX 167 cartridge which was subsequently washed with 2 mL of methanol. After drying the 168 cartridge under vacuum for 5 min, DCA was eluted using 1 mL 1M ammonium 169 acetate in water : acetonitrile (85:15, v/v weighed into a centrifuge tube and ceftiofur-d 3 was added as the internal standard. 10 176 mL of borate buffer pH 9 and 250 µl of 25% ammonia were added to the sample. 177
After shaking using a rotary tumbler (5 min) the extract was incubated in a water bath 178 of 60 °C for 20 hours. After hydrolysis, 10 mL hexane was added and the extract was 179 shaken using a rotary tumbler (5 min) and centrifuged (3500 g, 15 min). A 60 mg, 3 180 mL Oasis TM HLB SPE cartridge was conditioned by subsequently 5 mL of methanol 181 and 5 mL of water. 5 mL of the clear aqueous layer of the extract was transferred onto 182 the SPE cartridge, which was subsequently washed with 3 mL of water. After drying 183 the cartridge under vacuum for 5 min, the derivate AMTA was eluted using 5 mL DCA and AMTA respectively were tested. Ceftiofur, DFC and DCCD were each 225 product ion monitored to a signal-to-noise ratio of 3. Next, all of the incurred poultry 238 breast muscle samples were analyzed in duplicate using the three described methods. 239
The samples were quantified using a matrix matched calibration line. For method A, 240 blank samples were spiked with 0 to 500 µg kg -1 ceftiofur, DFC and DCCD. For 241 method B and C blank samples were spiked with 0 to 3000 µg kg -1 ceftiofur only. For 242 all methods the total amount of ceftiofur metabolites was calculated and expressed in 243 µg kg -1 DFC by X / M * M DFC , in which X is the calculated concentration of ceftiofur 244 or DCCD in the samples, M is the molecular mass of ceftiofur or DCCD and M DFC is 245 the molecular mass of DFC. For each animal the results obtained by applying 246 different methods were compared using a Students' t-test (α=0.05). 247
Applicability to other matrices. 248
The applicability of the hydrolysis approach (method C) was additionally tested for 249 other matrices than poultry breast muscle by studying the concentration of total 250 
Results and discussion

256
General considerations 257
Method A and B were adopted from literature and method C was based upon the 258 concept of the alkaline hydrolysis of ceftiofur to AMTA as reported previously 259 (Berendsen 2009). To study the applicablity of this method C concept, a 260 straightforward extraction and sample clean-up procedure was developed. We found it 261 to be crucial to carry out the hydrolysis during extraction (in the presence of the 262 muscle matrix) to obtain good hydrolysis yields for ceftiofur, DFC and DCCD. If 263 ammonia in pure water (without addition of salts) is used as the extraction solvent, 264 muscle proteins denaturate during incubation, resulting in extreme gelation of the 265 extract. To prevent gelation, sodium borate buffer pH=9 and sodium chloride had to 266 be used as the extraction solvent to facilitate alkaline hydrolysis in the presence of the 267 muscle matrix. 268
Critical assesment of approaches 269
Linearity and detection limits 270 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Method C resulted in an LOD of 0.5 µg kg -1 for the total ceftiofur content indicating 284 that this method is very adequate for detecting residues of ceftiofur metabolites. 285
Derivatization/hydrolysis yield 286
For a method that includes the production of one marker compound from several 287 individual compounds, the conversion is important: each metabolite should be 288 converted to the marker compound with the same yield to obtain a correct total 289 concentration. The average response and the standard deviation of six poultry muscle 290 samples spiked at 1000 µg kg -1 with ceftiofur, DFC and DCCD individually, analyzed 291 using both method B and C, were calculated. The results are presented in Figure 3a From the results it is observed that, when using method B, the derivatisation of 296 ceftiofur and DCCD to DCA occurs with the same yield. However, the derivatisation 297 of DFC only results in 20% DCA compared to ceftiofur and DCCD. DFC is the most 298 reactive metabolite having a free sulfide group and quickly degrades under the 299 formation of e.g. protein bound DFC (Olson 1998) and DFC thiolactone (Berendsen 300 Furthermore, it can be seen from Figure 3b that the hydrolysis of ceftiofur, 304 DFC and DCCD results in the same amount of AMTA: Students't-tests showed no 305 significant differences among the groups. It can be concluded that the yield of the 306 hydrolysis of various ceftiofur metabolites to AMTA is comparable and an accurate 307 quantification of the total amount of ceftiofur metabolites is realistic using the method 308 C approach. 309
310
Quantitative analysis of incurred poultry samples 311
The individual levels of ceftiofur, DFC and DCCD found in the incurred poultry 312 breast muscle samples using method A are presented in Table 2 . It was observed that 313 a significant amount of ceftiofur was present 1 hour after administration, whereas it 314 was not detectable 4 hours after treatment. DFC is the main metabolite observed, but 315 also this metabolite is metabolised/excreted rapidly and from extrapolation it is 316 estimated that it will no longer be detectable 24 hours after administration of a single 317 dose of ceftiofur. DCCD, which is suggested to be a suitable biomarker for detecting 318 ceftiofur (Fagerquist 2003 
Applicability to cephalosporin antibiotics other than ceftiofur 347
The approach applied in method B depends on the cleavage of a thioester bond using 348 DTE. None of the other registered cephalosporins (for use in cattle and swine 349 breeding) contains the thioester bond and therefore it can be expected that method B 350 Figure 5) were not detectable using method B, when applying UV 353 detection, whereas a signal possibly corresponding to cefapirin (Figure 5b) was  354 detected. In the present study, we tested this derivatization procedure for cefcapene, a 355 cephalosporin antibiotic being an ester instead of a thioester (Figure 5a and cefcapene is presented in Figure 6 . From this it is concluded that, in contrast to 370 method B, the method C hydrolysis approach is applicable as a multi-cephalosporin 371 method that includes active metabolites, provided that not only AMTA but also the 372 AMTA analogues are recovered during the sample clean-up and detected by selected 373 reaction monitoring (SRM). 374 375 The broad applicability of the new approach might also be considered as a weakness. 378
Only a minor moiety of ceftiofur is used as the marker compound and therefore the 379 selectivity of AMTA as a bio-marker for ceftiofur metabolites might be quenstioned. 380
The Pubchem database (NCBI 2011) was searched for molecules containing the 381 AMTA substructure resulting in many hits, amongst which 18 antibacterial 382 substances, all being cephalosporines (eg. cefquinome, Figure 5c ). This demonstrates 383 that the new approach is not specific for ceftiofur. However, if the AMTA analogues 384 are analyzed as well, the new approach is very useful as a broad quantitative screening 385 of cephalosporin compounds in tissue samples to effectively indicate off-label use of 386 cephalosporins in poultry breeding. Subsequently, for the determination of the identity 387 of the actual cephalosporin administered, another method is needed monitoring intact 388 cephalosporins or metabolites thereof. 389
390
Application to other matrices 391
The applicability of the method C hydrolysis approach was tested for other matrices 392 than poultry breast muscle. This was done by studying the concentration of total 393 ceftiofur residues in the thigh muscle, kidney and liver samples obtained from the 394 ceftiofur treated broilers. For each of the matrices a calibration line having a 395 coefficient of correlation above 0.991 was obtained, indicating that the quantitative 396 aspect of the method is adequate for the analysis of different kinds of tissue matrix. 397
The total amount of ceftiofur metabolites, expressed as DFC, in thigh muscle, 398 kidney and liver, determined using method C, is presented in was the simplest one to apply, it resulted in a serious underestimation of the total 417 ceftiofur residue concentration and off-label use of ceftiofur was only detectable for 418 approximately 24 hours after a single dose treatment. Therefore, it was concluded that 419 for the analysis of ceftiofur, DFC and/or DCCD the method is inadequate for 420 detecting off-label use of ceftiofur in the poultry-breeding sector. The second 421 approach included a derivatization to produce DCA, as a marker for ceftiofur and its 422 metabolites. The LOD of this method was 1 µg kg -1 and this approach resulted in 423 significantly higher total ceftiofur concentrations compared to the first approach. 424
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